The time courses of uptake, distribution, and excretion of radioactive PO, were determined for 11 species of freshwater algae. Uptake of PO, by algae was rapid, reaching a steady-state asymptote within an hour and maintaining that maximum for at least 10 h. Uptake could be described as a biphasic exponential function. The rate constants for uptake decreased with cell volume raised to a power of --0.25, whereas the uptake rates per cell increased with cell size to a power of -0.75, suggesting that small cells were much more efficient at sequestering PO,. Excretion of PO, by algae was fast during the first lo-20 min; thereafter, there was a slower prolonged loss of PO, for the remaining period. A two-compartment model could be convincingly fitted directly to the excretion time-course data. Both rate constants and flux rates of PO, excretion and intercompartmental exchanges showed a similar size-dependency to those of PO, uptake. The net uptake of PO, by algae increased proportionately to cell volume raised to a normalized power of 0.75. The allometric compartment model yielded estimates for net PO, uptake rates one order of magnitude higher than those determined by means of the Michaelis-Menten model.
Phosphate uptake is thought to be the principal pathway of P accumulation by algae (Lean 1973) . Because PO, uptake is mediated by an algal enzyme system, the rate parameters have been traditionally estimated by the MichaelisMenten equation. This approach describes the PO, uptake velocity as a function of external substrate concentrations and therefore requires steady-state conditions in which PO, concentrations do not change significantly over the course of incubation (Dodds 1995; Istvanovics and Herodek 1995) . Recent studies have shown that actual PO, uptake kinetics deviate considerably from this formalism (Brown and Koonce 1978; Li 1983; Tarapchak and Herche 1986 )-probably because PO, uptake is multiphasic-and cease when the external PO, concentration falls below a threshold; therefore, PO, uptake does not follow the rectangular hyperbolic relationship described by the Michaelis-Menten equation. Methodological difficulties in measuring low ambient substrate concentrations (Bentzen et al. 1992; Ntirnberg and Peters 1984) also seriously affect the reliability of results. Moreover, some of the kinetic parameters for this model are difficult to estimate (Dodds 1995) and their accuracy and precision can be markedly influenced by the fitting techniques, data transformation, experimental design (Currie 1982; Bentzen and Taylor 1991) , and algal size (Suttle and Harrison 1988; Suttle et al. 1988 Suttle et al. , 1991 . Auer and Canale (1982) further noted that the magnitude of the kinetic parameters for PO, uptake varied among algal species and with their physiological state. As a consequence, the parameter values for algal PO, uptake kinetics using simulated, laboratory, and in situ data are paradoxical, varying 1 ,OOO-fold for half-saturation constants and 1 O,OOO-fold for maximum uptake rates (Cembella et al. 1984) . It is imperative that alternative models be pursued (Istvanovics and Herodek 1995) .
Algae excrete as much as 20% of P assimilated from ambient waters (Kuenzler 1970) . The excretory product, which is mostly PO, (Lean 1973) , is readily available to the plankton. Therefore, an estimate of PO, excretion by algae can provide quantitative information on both net P accumulation in algae and algal contributions of P to aquatic food webs. However, our knowledge of both PO, excretion by algae and the relative importance of this P release to other organisms is fragmentary. Indeed, there has been a decades-long controversy about the relative contributions of bacterioplankton, phytoplankton, and zooplankton to total P flux.
Statistical description has been a useful tool for quantifying many aspects of metabolism for many organisms. The most efficient empirical relationship is often a power func-46 Wen et al. Fig. 1 . Schematic representation of a two-compartment model with first-order uptake and excretion of F? C--P concentration in water; C,-P concentration in compartment 1 (metabolic compartment); C-P concentration in compartment 2 (structural compartment); klo, k,, and k,,-rate constants.
tion of body size; that is, rate = a(size)b. The exponents (bvalues or slopes) for allometric models of metabolic rates tend toward 0.75 (Peters 1983) . Because phytoplankton span a 108-fold weight range (Vezina 1986), a general description of the size-dependent relationships of PO, uptake and excretion kinetics should be possible. However, the exponents of size-dependence of PO, uptake and excretion by algae have not yet been extensively defined (Smith and Kalff 1982; Vezina 1986) .
In a previous study (Wen et al. 1994) , we demonstrated that a two-compartment, first-order equilibrium model ( Fig.  1) would satisfactorily describe PO, uptake, distribution, and excretion in cladocerans, and we derived a series of significant size-dependent models for the underlying kinetic parameters. This technique has not been applied to phytoplankton. In this study, our primary goal is to further explore the applicability of that approach to algal PO, uptake and excretion rates and thereby establish its greater generality. We measured algal PO, uptake and excretion in a series of laboratory experiments involving 72P0, flux to and from freshwater algae and spanning a wide range in cell size. Data were fit by compartmental analysis of each algal species, and the rate parameters were then scaled to organism size. By comparing the allometric relationships, we hoped to test the wider applicability of the zooplankton P flux models and their descriptions of the size-dependence of P uptake and excretion in other lake organisms.
Materials and methods
Reagents and glassware-Carrier-free 32P0, was obtained from New England Nuclear (sp act = 2.22X1012 By mmol-'). Distilled-deionized water was used in preparing stock solutions and culture media, and all chemicals used met American Chemical Society standards of chemical purity. Glassware used in chemical analyses was washed with phosphate-free detergent, rinsed three times in distilleddeionized water, and oven-dried before use. All glassware, fittings, and media used for algal cultivation were sterilized by autoclaving.
Algal Cultures-Eleven strains of freshwater algae (Anabaena jlos-aquae, Ankistrodesmus falcatus, Carteria olivieri, Chlamydomonas sp., Chlamydomonas moewussi, Chlorella vulgaris, Closterium acerosum, Eremosphaera viridis, Golenkinia minutus, Scenedesmus quadricauda, Staurastrum gracile), with cell or colony volumes varying from 59 to 2X lo7 prnl, were originally obtained from the Carolina Biological Supply Co. (Burlington, NC) . Stock cultures of all species were maintained in cotton-stoppered 250-ml flasks with Alga-gro medium in a thermally controlled incubator (20°C) and were illuminated by cool-white fluorescent lights (100 pm01 quanta m-l si) set on an 18: 6 L/D cycle. To ensure that algae rapidly take up PO, and that the experimental conditions more closely approach natural environments, we used P-limited batch cultures for algal PO, uptake and excretion experiments. Portions (3 or 4 ml) of dense stock culture were centrifuged, washed twice with P-free growth medium, resuspended in a small volume of culture medium, inoculated into 500-ml flasks of newly sterilized, low-PO, (0.323 PM) synthetic medium (Morgan 1976) , and incubated under the same light and temperature conditions in which the stock culture was grown.
Growtli monitoring-Growth of monoalgal cultures was monitored by daily hemocytometer cell counts or in vivo chlorophyll concentrations until stationary phase was reached. .During the exponential phase of growth, three 5-ml subsamples were withdrawn from the flasks to measure cell density and volume, Chl a concentration, particulate P content, and cellular P content. Small species (e.g. G. minutus and A. faZcatus) were counted with an improved Neubauer hemocytometer under a Zeiss binocular microscope. For large species (e.g. A. flos-aquae and E. viridis), three 1 -ml aliquots elf the batch culture were filtered onto 47-mm, 0.45-pm HA Millipore filters. The filters were subsequently cleared with immersion oil and the algae were counted under a microscope. Cell size or volume (V, pm') was calculated from the formula V = 4/37&w, where L is half of the average ma:<imum length and W is half of average maximum width measured with an ocular micrometer (n = 20-30). Chl a concentration was measured with a Turner Design fluometer (primary filter 5543 and secondary filter 2408). P concentrations of the culture medium passed through a 0.3-pm Nuclepore membrane filter and those of the total culture were determined by the ascorbic acid modification of the molybdenum blue technique (Strickland and Parsons 1968) after digestion with potassium persulfate under pressure (Menzel and Corwin 1965) . Algal P content was calculated by subtracting the P concentration of filtrate from that of the total culture. Cellular P content was estimated as the algal P content divided by mean cell density.
Periodic checks for bacterial and fungal contamination of the cultures were made by inoculating sterile medium with algal culture. Contaminated cultures were discarded. P uptaX:e-Time-course measurements of PO, uptake by algae were conducted by means of a 32P tracer incorporation method. F'rior to culture harvest, 50-ml replicates of batch culture in exponential phase were dispensed into 125-ml Erlenmeyer flasks. The final density of algal cells was adjusted Phosphorus fluxes in algae 47 with culture medium to between 25 and 6.8X 10" cells ml-, to maintain roughly constant total biovolumes. Each flask was then aseptically spiked with -100 kBq of j2P0, radioactive tracer and mixed briefly with a magnetic bar stirrer. These flasks were incubated under the same light conditions and temperature as the batch cultures. Duplicate l-ml aliquots of radioactive culture were withdrawn by pipette and filtered through 25-mm, 3-pm Nuclepore filters immediately and then at geometrically increasing intervals. The algaeladen filters and the aqueous samples were transferred into plastic counting vials, mixed with a 1 O-ml Aquasol scintillation cocktail (New England Nuclear), capped, and assayed for 32P activity in a Beckman model LS-150 or LKB Wallac liquid scintillation counter. In all cases, counting error was maintained at 22%. No correction for quenching was made owing to its small quantity.
The resulting cellular 32P activities were plotted against time for each species. The time course of the algal radioactivities was then fit to a two-compartment uptake model:
A, is the radioactivity measured in algal cells at time t, A, and A, are the maximal activities incorporated in metabolic and structural compartments (cpm ml-,), and b, and b, are rate constants (per min) of the two compartments. Because PO, in our model is taken up by the metabolic compartment, the uptake rates of PO, (vgross, PM cell-, min-,) can be estimated by the equation of Lean and Nalewajko (1976): v,,,,,, = PO4 so,nl x h7 (2) where [PO, so,n] is the PO, concentration in the culture medium (PM) before tracer is added. Because PO, at low concentration in the culture medium cannot be reliably measured (Bentzen et al. 1992 ), a plausible estimation of PO, concentration in the medium is necessary. Lean and Nalewajko (1976) indicated that PO, was rapidly exchanged between algal cells and culture medium and could be estimated by [PO, solr,l = lPaddcdl X (32POL,/total ""P), (3) where [Padded] is the initial P concentration added in the culture medium and 32P0,/total 32P is the PO, equilibrium ratio. In laboratory cultures, Lean and Nalewajko demonstrated that on average 0.61% of the total 32P added existed as 32P0, in the culture medium after the asymptote level was reached. We adopted this percentage in our calculation of PO, uptake rates. P excretion -Algae used for excretion were counted, sized, and exposed to "2P0,-spiked culture medium. Subsequently, two 5-ml aliquots of the cell suspension were collected at intervals to analyze the uniformity of 32P label in two major compartments. One of the aliquots was directly measured for total P (TP) and radioactivity; the other was centrifuged at 2,000 X s for 15 min. The supernatant liquid was discarded. The pellets were resuspended in 5 ml of icecold 10% trichloroacetic acid (TCA), centrifuged for 10 min, and the supernatant was analyzed for TP and radioactivity as well. The .12P-3,P equilibrium of the algal cells was assessed by comparing the total activity of the whole cells with that of the last supernatant. When algae are completely labelled, the specific activity of the whole cells should equal that of the TCA extracts. The results indicated that cells were fully labeled after 1 d of exposure; however, to ensure complete labeling, our cultures were labeled for at least 3-5 d before excretion rates were measured.
To determine the excretion rate, we injected a suspension of homogeneously labeled algal cells into a 25-mm-diameter flow-through excretion chamber. The cells were retained without apparent mechanical damage in the column (Phamacia Fine Chemicals) with 3-pm screens fitted to the adapter. The experiment began by pumping unlabeled sterile culture medium at a rate of 1 ml min-, into the top of the column with a Buchler peristaltic pump and draining the labeled solution from the bottom of the column. The eluent was fractionated at set intervals and collected with an LKB automatic fraction collector. j2P radioactivity was measured by Cerenkov liquid scintillation spectrometry as previously described (Wen et al. 1994) . The efficiency of Cerenkov counting relative to that determined with Aquasol was 30.8?0.8%.
Release curves were constructed frorn the time courses of radioactivities in the washout. The first-order, two-compartment open model ( Fig. 1 ) was fit to the 32P release data:
C, is the total radioactivity of the washout at each sampling, C, is the initial radioactivity in compartment 1 (metabolic compartment), C, is the initial radioactivity in compartment 2 (structural compartment), and k, and k, are the rate constants for two compartments. The rate constants for transfer between the two compartments (k,, and k,,) and for excretion (k,,) were determined from the equations of Wen et al. (1994) :
(6) h2 = h(Q2,lQJ .
Q, and Q2 are the compartment sizes of the metabolic and structural pools, respectively, which were estimated as the product of relative pool size and algal cell P content. The relative pool size for each compartment was calculated from the rate constants and time-zero intercepts as previously described (Wen et al. 1994 ). The internal fluxes and efflux rates were estimated by multiplying the compartment size by the corresponding rate constant.
Curve fitting and allometric statistics-For both uptake and excretion data analyses, the sampling times (independent variable) were assumed to be without error. The kinetic constants estimated by fitting the data to the model were reported as mean t asymptotic SE. 32P uptake data were fitted to Eq. 4 with the Marquardt least-squares fit of nonlinear regression by NLIN procedure of the Statistical Analysis System (SAS, release 6.03). The overall goodness of fit was examined by an F-test, by the scatter of the actual data points around the fitted function, and by the plot of residuals against the regressor (t). Equation 2 was fitted to the 32P excretion data using the 3R program of the Biomedical Statistics Package (BMDP Dixon 1988) . The best model was identified as that with a minimal sum of squared residuals, the lowest possible standard deviations of the parameter estimates, and unbiased distribution patterns of residuals of estimates of observed vs. predicted radioactivities. An F-test was used to select the most appropriate number of compartments (Boxenbaum et al. 1974) .
All values for allometric analysis were logarithmically transformed to obtain homogeneity of variances. The empirical constants a and b of the power function Y = up were estimated by least-squares linear regression on the transformed variables with the general linear models procedure (PROC GLM) of SAS. Model 1 regression was performed because the average variance in the estimation of cell volume was much smaller than were the taxonomic variations in cell size. The significance of linear correlation coefficients was determined by examination of a table of critical values given by Zar (1984) . The strength of the relationship was further evaluated by fl and Sy,d. Slopes of the regression lines were determined to be significant by comparison to zero (Student's t-test). Statistical probabilities CO.05 were considered significant. Standard errors are presented throughout the text unless otherwise indicated.
Literature data collection and analysis-Algal net P uptake rate is usually described by the Michaelis-Menten-type (M-M) hyperbolic function with two defined model parameters-the maximum uptake rate (V,,,,) and the half-saturation constant (K,,,) . Because different kinetic parameters were measured in this study, a direct comparison of our parameters with those descriptions is not possible. To yield comparable results, we compiled the published data on algal V,,, and K,,, for P uptake. To achieve uniformity of the dataset, we calculated cell volume from cell quota and Shuter's (1978) quota : size relationship or, if quota was not specified from cell dry weight, from the equation of Peters (1983) . Maximum uptake rates were expressed as ,uM cell-' min-' and half-saturation constants as PM. Median values were used when several data points were presented for the same species. The complete literature dataset is available from us or from the Depository of Unpublished Data (CISTI, Natl. Res. Count. Can., Ottawa, Ontario). Uptake rates were calculated by substituting the culture medium P concentration into the M-M equation-v = V,,,[PO,]I(K,,, + [PO,]). All rate parameters were then logarithmically transformed to conform with the requirements of linear regression analysis. The uptake rates were subsequently regressed against algal cell volume. Because the M-M model predicts a net uptake, this can be compared directly to the prediction of net P uptake from our allometric model over the same size regime.
Results
Cell P content-algal size relationship-There was a significant relationship between unialgal P content and cell volume in the species studied. The overall relationship fits the power function. 
where (2 is the cell P content (PM), V is cell volume (pm'), and 0.7:3"0.07 is the size-scaling exponent. On average, the P content of algal species investigated was 0.185X lo-9 PM pm-3.
P uptake --J2P uptake by all algae followed similar biphasic time courses over the periods of exposure (Fig. 2) . Expressed as total radioactivity counts incorporated per milliliter, 32P uptake was much more rapid in the first 3-20 min of incubation. Algae attained apparent steady-state values after 20-50 min, depending on species. Thereafter, no significant increase in uptake of radioactivity was observed until the termination of the exposure after 12 h. The amount of radioactivity taken up varied considerably among the experimental runs.
A two-compartment uptake function provided an adequate model for the observed trend. Uptake rate constants (b, and b,) were estimated by fitting the radioactivity-time data to eq. 1 (Table I ). The b, values were -1.2-l .4-fold greater than b, values. Linear regression analysis of the uptake rate constants (b, min-') and time-zero intercepts (A, cpm cell-l) against algal cell volume (Fig. 3) 
A, = 1.04X10--7Vo.9'+o.'7 (r* = 0.62, Sr,,x = 1.13). (12) Both b, and b, decreased with cell volume with slopes that were not statistically different from -0.25 (t-test, P > 0.05). In contrast, A, and A,, representing the equilibrium distributions of tracer labels, increased with increasing cell volume at slopes that did not differ significantly from unity (ttest, P > 0.05). This implies that the relative sizes of A, and A, were unaffected by changes in cell size. There was a significant allometric relationship between gross PC, uptake rate (vgross, PM cell -I min-') and algal cell volume (Fig. 4) . The predictive relationship is (n = 21) vgross = 2.54x 10-'3Vo.70+o~08 (r2 = 0.81, Sy,, = 0.53, P < 0.01).
The allometric constant (0.70) did not deviate significantly from 0.75, as was expected from general allometry (t-test, P > 0.05).
P excl*eetion---Excretion of 32P total radioactivity showed a biphasic decline (Fig. 5) . The initial excretion of 32P was very rapid, and 70-80% of the absorbed radioactivity was eliminated within 0.5-2 h. The rates dropped to a plateau in l-5 h, after which a further lo-23% of the total accumulated counts were lost. With few exceptions, this plateau was maintained until the end of the experiments. The remaining species--A. falcatus, C. acerosum, C. olivieri, and S. gracile-lackled the final plateau and instead showed a steady log cell volume (pm 3, Fig. 3 . Allometric relationships between kinetic parameters of P uptake and algal cell volume.
The fits of' these data are presented in Table 2 . The k, values were 7-l I 3 times greater than k, values, and small algae tended to have larger k, values than did large algae (r2 = 0.63, n = 13, P < 0.01). There was, however, no significant relationship between algal size and excretion rate constants (k,) for the slow compartment (9 = 0.14, n = 13, P > 0.05).
The intercompartmental exchange rate constants calculated using 1Zq. 5 and 7 differed by one order of magnitude, and the rate constants for excretion were lower than those for internal exchanges. There were significant negative allometric relationships for the rate constants of both excretion and intercompartmental exchanges (Fig. 6 , n = 13, P < 0.01): 
(r2 = 0.48, S,, = 0.24, P < 0.01).
06)
The slopes of the above allometric functions do not differ significantly from -0.25 (t-test, P > 0.05) as expected. The time-zero intercepts (C, and CZ in Eq. 4) expressed per cell were not correlated with cell volume (r2 < 0.2, P > 0.05).
P Jutes-The relative pool size of the dominant compartment (Q,%) was much larger than that of the minor one (Q,%). The dominant compartment always contained 95-98% of the total cellular P ( Table 2 ). There was no statistically significant relationship between the relative pool size and algal cell volume (r2 < 0.001, S,,,X = 1.34, n = 13, P > 0.05).
Small algae had generally lower flux rates per cell than did large cells (Fig. 7) , and slopes of allometric equations were not significantly different from 0.75 (t-test, P > 0.05). The allometric relations for P fluxes were represented by (n = 13, P -=c 0.01) 
The intercompartmental flux rates are much faster than those of excretion.
Net P uptake-Because the allometric exponents for PO, uptake (0.7920.22) and PO, excretion (0.8OLO.09) do not differ significantly from each other or from the expected value of 0.75, both equations were intentionally standardized to this common slope. This normalization has very little effect on value of the intercept or on the residual error of the original relationship. The net P uptake (v,,,,, FM cell-' min I) was then calculated from the normalized equations and yielded the following allometric relationship:
where v,,,,,' and F' lo are the normalized equations for PO, uptake and excretion, respectively. The net uptake of PO, by algae increases with increasing cell volume with a normalized slope of 0.75. The gross : net uptake ratio could be further estimated as Gross/net ratio = v~,.~,~~'/v~~, = 2.54X 10 13 vo.x/l 42X lo-13 ~0.75 . = 1.79.
(20) The ratio of gross uptake : net uptake is independent of algal cell size.
Comparison
to Michaelis-Menten model--A total of 57 data entries were collected, representing 37 different species. Algal cell volume ranged from 0.4 to 3.0X lo5 pm3, V,,,, ranged from 1 X lo-" to 257 PM cell-l min-l, and K,,, ranged from 0.03 to 28.0 PM. Algal cell volume is a significant predictor for V,,,,, K,,,, and V,,,/K, (P < 0.01, n = 57): log cell volume (pm 3 ) Fig. 6 . Correlations between P flux kinetic data for excretion or intercompartmental turnover rates and algal cell volume. V,,, and V,,,,/K, were both positively correlated with cell volume, whereas K,, decreased with increasing cell volume across the entire algal size range.
By substituting the external PO, concentration into the M-M model, we further calculated the PO, uptake rates. These estimated PO, uptake rates were also significantly correlated to algal cell volume and can be represented by the following, allometric equation (P < 0.01, n = 50):
0.56, sy,, = 1.11). (24) The M-MI model predicts net PO, uptake rates for algae one order magnitude lower compared to the allometric compartment model. Additionally, these models also differ in that the M-M model gave a steeper slope, suggesting that the net PO, uptake rates increase with increasing algal cell volume somewhat: faster than those predicted by our allometric model. However, given the variation in individual uptake rates, log cell volume (pm 3 ) Fig. 8 . Comparison of predictions by the allometric compartment model and the Michaelis-Menten-type enzyme function for P uptake by algae with data from the literature (references: Button et al. 1973; Chisholm and Stross 1975; Currie and Kalff 1984; Fuhs ct al. 1972; Gotham and Rhee 1981; Holm and Armstrong 1981; Lean and Nalewajko 1976; Kennedy 1984; Kilham et al. 1977; Morgan 1976; Nalewajko and Lean 1978; Rhee 1973; Senft et al. 1981; Smith and Kalff 1982; Tilman and Kilham 1976) .
it is apparent that both models describe mean trends that are consistent with observation (Fig. 8) .
Discussion
In this study, credible allometric compartment models were formulated to provide a basis for predicting the fluxes of P in freshwater algae. The proposed mathematical representations of the relationships between kinetic parameters and algal size provide a quantitative framework to assess the P accumulation in aquatic organisms. This assessment provides some insight into P bioaccumulation in algae.
Our results demonstrate that PO, uptake by freshwater algae is biphasic over the timespan of incubation. Thus, the pattern of PO, uptake indicates that the radioactivity may be accumulated in two compartments-the first may be a metabolic compartment, whereas the second seems to be a structural compartment. Such a distinction has been made by many authors studying zooplankton (see Wen et al. 1994) and other algal species (JeanJean 1976; Chisholm and Stross 1976a,b; Tomas 1979) . A similar description has been applied to the absorption of NH,' by N-limited marine algae (Conway et al. 1976; Goldman and Glibert 1982; Parslow et al. 1985) and of silicate by Si-limited marine diatoms (Davis et al. 1978; Harrison et al. 1989) . However, others have treated P uptake by algae as monophasic (Perry 1976; Tilman and Kilham 1976; Perry and Eppley 1981; Harrison 1983) or triphasic (Ri&in and Swift 1982) . However, the choice of a model to describe the uptake phases depends on the quality of the data, although others have given a functional interpretation to the ubiquitous choice of compartment models (Boxenbaum et al. 1974) .
After reviewing the published data on PO, uptake by marine algae, Harrison et al. (1989) identified a two-phase uptake process-the initial rapid uptake (surge uptake) fills an internal pool and stops when the pool is full; subsequently, slower uptake (internally controlled uptake) delivers nutrients for cell metabolism and this uptake is terminated when cell quota is reached. In a comprehensive investigation of the P transport system in the green alga S. quadricauda, Jansson (1993) also found two separate uptake systems-an initial rapid uptake (high-affinity system) and a subsequent slower uptake (low-affinity system). The high-affinity system binds P to the cells and is especially important in P deficiency, whereas the low-affinity system maintains the fixed internal P and transforms exchangeable P to nonexchangeable l? Both systems are closely coupled such that P is transferred from high to low affinity. The same characteristics of uptake kinetics have been reported for Escherichia coli (Rosenberg 1987 ) and a eucaryotic fungus Neurospora crassa (Burns and Beever 1979) . These findings further support the claim that a two-compartment theory describes P transport mechanisms in a wide range of organisms.
The most striking feature of our data is the size-dependence of PO, uptake rates. The exponent of the power equation relating uptake rates to algal volume was -0.75, which is consistent with most studies (Peters 1983). Although Friebele et al. (1978) found an exponent of 0.22 (r2 = 0.51, n = 11, P CO.05) for an estuarine phytoplankton population, both studies indicate that PO, uptake capacity of small algae per unit volume is much higher than that of large algae. This size-dependent difference in nutrient uptake was also widely reported in other aquatic ecosystems (Berman 1983 (Berman , 1985 . The ubiquity of the 0.75 exponent demonstrates a general allometric pattern for the uptake of PO, by freshwater algae. Our overall scaling of PO, uptake to algal size further supports the contention that small cells are generally better at acquiring ambient PO, (Smith and Kalff 1982; Suttle et al. 1988) than are large algae. We also demonstrate that such scaling applies over a much broader range than that shown in previous studies.
Our data showed substantial variability among experiments in the measurement of uptake kinetics. This interexperimental variation is not uncommon, because many environmental factors (e.g. irradiance, light quality, temperature) can affect PO, uptake rates (Cembella et al. 1984) . Furthermore, although these cultures were said to be axenic by the supplier and cultures that showed bacterial contamination in plate tests were discarded, modest levels of bacterial contamination likely increased rates of P uptake and excretion in some runs, thereby increasing the observed variation.
A two-compartment excretion model (Eq. 4) is adequate to characterize P elimination for most algal species studied. Although some deviations were found, they did not greatly influence the general kinetic patterns. Our purpose was to scale the compartmental rate parameters to algal cell size and to establish predictive models. We therefore constructed our model to include as many compartments as possible to increase information content and predictive power of the model. On the other hand, we wanted our model to include as few compartments as possible because the variance of a to cell volume were relatively high (88-89%). Any sizeprediction increases as the number of compartments increasdependent properties will be reflected by the model parames. Additionally, the cost of data collection and model maineters. This high explained variance implies that our allotenance increases with the number of compartments. In our metric model could be a candidate for replacement of the prior study of P fluxes through cladocerans (Wen et al. M-M model because size is a fundamental factor influencing 1994), a two-compartment model seemed a good comprothe biochemical composition, growth, and metabolism of all mise between these two conflicting objectives. This concluorganisms (Peters 1983) , and an allometric model implicitly sion also seems valid for algal models. addresses these factors. Because the extant literature does not offer comparable data on algal PO, excretion rates, the validity of our P loss estimation remains uncertain. Our rates of PO, release by algae may be overestimated because bacterial contamination could have increased both PO, uptake and excretion rates (Rigler 1956; Currie and Kalff 1984) . The wide variability in P excretion rates within and among species could be attributed to species difference or to the short-term responses to any environmental variations. For example, damage to the algal cells by filtration might increase the release of intracellular P (Lean and Nalewajko 1976) . At least, the similarity of uptake and release rates in this study suggests that the excretion rates are not impossibly high.
Our results showed that about half of the PO, taken up was excreted, whereas Kuenzler (1970) found that -20% of fixed P was returned to the aquatic environment by a marine alga, suggesting that freshwater algae may release more P than marine species. Our excretion results demonstrate that size is a fundamental factor for the P kinetics. Similar allometric relationships between physiological and morphological properties have been widely reported for other organisms (Peters 1983).
In our study, the PO, uptake rates exceeded the excretion rates for all of the algal species examined, so algae can be sustained by PO, alone and cannot be net sources of I? This result implies that algal excretion was of limited importance in heterotrophic remineralization. It is highly likely that algae retain a large proportion of PO, taken up. This finding is congruent with the data from other reports. Other studies have alsc, failed to demonstrate a net PO, release in cultured phytoplankton (Lean and Nalewajko 1976; Perry 1976; Burmaster and Chisholm 1979) or in field investigations (Perry 1976; Harrison 1983; Istvanovics and Herodek 1995) . However, direct extrapolation of our models to field populations may introduce errors. First, our experiments were conducted in the laboratory, so the conditions may not duplicate natural ones modifying the physiological and biological responses of the algae. Second, because only a few species and a limited size range of algae were used in our studies, many biological influences on the uptake and excretion rates may have been ignored. Thus, we caution against direct extrapolation of our results to the field.
Net PO, uptake rate could be an index of nutrient status of the biota. Unfortunately, very few experimentally derived net P uptake rates have been reported for algae. In this study, the net PO, uptake rates by algae were comparable to those obtained by others from freshwater algae (Lean and Nalewajko 1976; Nalewajko and Lean 1978; Stiller et al. 1978) . However, our use of Lean and Nalewajko's (1976) 32P partitioning data between algae and PO, compartments to estimate the external P concentration in the culture medium introduces uncertainty in the estimation of net P uptake rates.
The piesent study provides a framework from which to develop models for material flux. Perhaps these models may be extended to other nutrients and algae simply by changing the appropriate parameter values. More research is therefore needed to determine the generality of models like these for a greater variety of organisms, nutrients, and growth rates and to elucidate the additional ecological, physiological, and biological factors contributing to this size-dependence of P flux in algae, thereby improving the predictive capabilities of these models.
Comparison of the predictions made by two models (Fig.  8) shows that the net PO, uptake rates estimated by our allometric compartment model were about one order magnitude higher than those calculated from M-M kinetic parameters in the small size range; however, variation in the data is large relative to the difference in the prediction. A discrepancy of this size could be due to different species acclimatization and experimental conditions in addition to model differences. The size-specific difference in algal PO, uptake rates has been noted in previous studies (Smith and Kalff 1982) . In the M-M model, V,,,, basically estimates the maximum rate of assimilation of inorganic PO, into organic compounds, whereas K,,, is a measure of affinity for PO, uptake and the V,,,, : K,,, ratio quantifies the efficiency of uptake at low PO, concentrations. All of these kinetic parameters are a function of external substrate concentration, and the proportion of their variances explained by changes in cell volume were relatively low (45-62%). In contrast, in our allometric compartment model, the flux parameters are all scaled to algal cell volume, and the variances attributed
